We describe a simplified procedure for purification of Clostridium difficile toxin B. In this procedure, cytotoxicity is associated with a single protein band with a molecular mass of 230 kilodaltons. We used direct fluorescent staining of actin filaments to study the effect of this toxin on cultured cells. Morphologic changes were preceded by a decrease in the number and length of stress fibers followed by their disappearance with condensation of cellular actin around the nucleus. We then showed that cells treated with either cytochalasin B or toxin B had a significant increase in the monomeric actin pool as quantitated by DNase I inhibition. In contrast to the cytochalasins, toxin B had no direct effect on the rate or extent of actin polymerization or network formation in vitro. Cytoplasmic extracts of toxin B-treated cells had a significantly lower level of modulating activity on actin assembly and interactions in vitro compared with extracts of untreated cells. These results suggest that the action of toxin B on cells is due to direct or indirect effects on cellular proteins involved in controlling the state of actin assembly in the cells.
The anaerobic bacterium Clostridium difficile produces toxins which have been found to be a major cause of antibiotic-associated pseudomembranous colitis (1) . Two polypeptide toxins obtained from culture supematants have been isolated and separated by DEAE ion-exchange chromatography (10, 21) . Toxin A causes fluid accumulation in ligated rabbit ileal loops and increased vascular permeability. Toxin B is a potent cytotoxin which causes cultured cells to round up, retract, and eventually detach from the substrate. The present report is exclusively on studies with toxin B.
Using indirect immunofluorescence staining with antiactin antibodies, Thelestam and Bronnegard (22) showed that a partially purified toxin preparation caused disruption of actin organization in human lung fibroblasts. Electron microscopic studies further indicated that, in thin sections of rabbit aorta smooth muscle cells, actin filament bundles shortened after toxin B treatment (23) . These descriptions of the toxin effect on cells are strikingly similar to the wellknown effects of the cytochalasins: disruption of stress fibers with condensation of actin around the nucleus (20) .
In this study, we used biochemical techniques to further investigate the effect of toxin B on cellular actin filaments and on purified actin in vitro. We found that the toxin produced significant depolymerization of cellular actin but had no measurable effect on actin polymerization or network formation in cell-free systems. Extracts of cells treated with toxin B, however, had a significantly lower level of modulating activity on actin polymerization or interaction in vitro compared with extracts of untreated cells, suggesting a direct or indirect effect on cellular proteins controlling actin organization and function in the cell.
MATERIALS AND METHODS
Toxin preparation. Cytotoxin B of C. difficile was prepared as previously described (21), with minor modifications. Broth cultures were prepared with a highly toxigenic strain of C. difficile isolated from a patient with pseudomembranous colitis (strain CTP213, generously supplied by John G. Bartlett, Johns Hopkins Hospital, Baltimore, Md.). The culture was incubated at 37°C for 2.5 to 3 days. The supernatant was removed after centrifugation for 20 min at 18,000 x g. The supernatant was sterilized by passage through a 0.22-,um (pore size) filter (Nalgene Labware Div., Nalge/Sybron Corp., Rochester, N.Y.). Addition of phenylmethylsulfonyl fluoride to the supernatant to a final concentration of 0.5 mM was found to improve toxin preparation. Culture supernatant (300 ml) was then dialyzed against toxin buffer (0.1 M NaCl, 0.1 M Tris, pH 8.0) and applied to a 30-ml DEAE-Sephadex A25 (Pharmacia, Inc., Piscataway, N.J.) column (1.5 by 20 cm) equilibrated in the same buffer. The column was rinsed extensively with the toxin buffer to remove all unbound proteins and then eluted with a 400-ml linear gradient of 0.1 to 0.5 M NaCl in 0.1 M Tris, pH 8.0. Fractions with peak cytotoxic titer eluted at approximately 0.4 M NaCl. They were combined, dialyzed against toxin buffer, and concentrated by ultrafiltration with a YM10 filter (Amicon Corp., Lexington, Mass.). The cytotoxin was further purified by application to a Sephacryl S-300 (Pharmacia) column (0.9 by 60 cm) also equilibrated in the same buffer. Alternatively, a Sepharose 6B (Pharmacia) column was used for this step and similar results were obtained. The major protein peak from the S-300 column coincided with the peak of cytotoxic activity. Fractions in this peak were pooled and analyzed by gel electrophoresis. This preparation was used for all of the experiments de- (24) . After the media had been aspirated, the cells were washed with phosphate-buffered saline (PBS; pH 7.4). They were then immersed in PBS containing 0.5% Triton X-100 and 0.37% formaldehyde for 5 min, followed by fixation in 3.7% formaldehyde in PBS for 10 to 30 min. After fixation, the cells were washed in PBS for 5 min and stained with NBD-phallacidin (Molecular Probes, Inc., Eugene, Oreg.) as instructed by the manufacturer. After staining, the cover slips were immersed in 0.5% Triton X-100 in PBS for 15 min to remove excess N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) (NBD)-phallacidin and mounted in glycerol-PBS (9:1) containing 1 mg of p-phenylenediamine per ml. Cells were examined with epifluorescence and phase-contrast optics, with a 40x objective.
DNase assay for G-actin in cells. The DNase I (Worthington Diagnostics, Freehold, N.J.) inhibition assay described previously (2, 3) was used to measure the level of monomeric actin (G-actin) in cells. HeLa cells were grown in 100-mm (diameter) dishes containing 10 ml of medium. Confluent monolayers were exposed to 20 ,ul of toxin B or 80 RIl of cytochalasin B (10-2 M stock solution in dimethyl sulfoxide to a final concentration of 80 ,uM). Toxin buffer or dimethyl sulfoxide was substituted in experiments to determine Gactin levels in control cells. After 3 h of incubation, cells were lysed, scraped from the surface with a rubber policeman, and homogenized with several strokes of a Dounce homogenizer. Lysates were assayed for G-actin immediately and for total activity after depolymerization in guanidine hydrochloride. Lysates were kept at 2°C during experiments. In some experiments, 20 RI of toxin B was added to control cell lysates immediately after preparation to test the effect of the toxin on actin isolated from cells. Standard curves for DNase inhibition were prepared with columnpurified actin. The results are expressed as the G-actin percentage of total cellular actin.
Actin preparation and viscometry. Actin was prepared from acetone powder of rabbit muscle (18) and further purified by gel filtration. High-shear viscometry was performed with a semimicro Ostwald-type viscometer at 25°C (11) . Low-shear viscometry was performed in 100-,u micropipettes by the falling-ball method (14 (Fig. 2) . The minor band of higher mobility had no significant cytotoxic activity; it disappeared from preparations to which phenylmethylsulfonyl fluoride had been added.
Effect of toxin B on cell morphology and actin organization. We used time lapse video microscopy to follow the time course of alteration in morphology of fibroblasts (3T3 cells) after treatment with toxin B or cytochalasin B. We found that the two agents produced remarkably similar effects. In both cases, the cytoplasm appeared to collapse around the nucleus. Arborization occurred as a result of membranesubstrate attachments which persisted after the cell changed from a spread to a more compact spherical morphology. The time required to produce the morphological effects varied with the amount of toxin B used. With high levels of toxin B (in the microgram-per-milliliter range), arborization could be observed 45 to 60 min after addition of toxin. With lower levels of toxin (in picogram-per-milliliter range), the same effect was observed after 20 h of incubation.
NBD-phallacidin was used to specifically stain actin filaments (F-actin) in cells to document the role of toxin B in cytoskeletal disruption. A relatively high level of toxin (0.7 ,ug/ml = 1.4 nM) was used in this experiment to ensure maximal effect within a short time. In contrast to the long stress fibers observed in control samples (Fig. 3A) , toxintreated cells had fewer and shorter actin filament bundles and more diffuse F-actin staining throughout the cytoplasm 15 to 30 min after toxic treatment. These changes appear to precede the change in cell morphology observed by phasecontrast microscopy. By 60 min, most of the cells had an arborized morphology, with intense actin staining in the center of the cell (Fig. 3B) .
We also performed a similar experiment on the effects of toxin B on an epithelial tumor cell line (HeLa cells). In control cells, prominent bundles of actin filaments were observed in the periphery of the cells (Fig. 3C ). After treatment with toxin B, the cells rounded up and the actin bundles disappeared (Fig. 3D) .
Effect of toxin B on cellular G-actin level. The fractions of total cellular actin in the monomeric form in toxin 13 (Fig. 4) . The effect of toxin B on actin filament assembly at the pointed (i.e., slow-growing) end was measured by high-shear viscometry in the presence of 2 ,uM cytochalasin D. Again, toxin B had no significant effect on the rate or extent of polymerization under these conditions (Fig. 5) . Finally, toxin B had minimal effect on the low-shear viscosity of actin solutions as measured by fallingball viscometry (Table 1) .
Effect of cell extract on low-shear viscosity of F-actin. Extracts of cultured cells are known to decrease the lowshear viscosity of F-actin (16, 25) . Toxin-treated cells demonstrated markedly decreased activity in this assay in a time-dependent fashion (Fig. 6 ).
DISCUSSION
The exact roles of the enterotoxin (toxin A) and cytotoxin (toxin B) of C. difficile in the pathogenesis of pseudomembranous colitis are unclear. Libby et al., however, have shown that either toxin alone can cause hemorrhagic cecitis in hamsters (9) . Though the toxins share some common effects, toxin A is remarkable in causing fluid accumulation in ligated gut segments, whereas toxin B is a potent cause of hemorrhage and necrosis. Further, virtually every cell line tested has been exquisitely sensitive to the actinomorphic cytotoxic effects of toxin B.
In 1980, Thelestam and Bronnegard (22) demonstrated that stress fibers of cells intoxicated with a crude preparation from C. difficile culture supernatants showed marked disorientation and disruption. Stress fibers are composed primarily of bundles of filamentous actin. The organization of stress fibers is believed to depend on other cellular factors which may affect bundling of actin filaments, anchoring of fibers to the cell membrane, fiber-to-fiber interaction, etc. To attempt to further understand the mechanism of action of toxin B, we studied the effect of this toxin on actin in vivo and in vitro.
In this study, we describe a simplified purification scheme for the purification of the toxin B. It involved DEAE affinity chromatography, concentration by ultrafiltration, and gel filtration, Peak cytotoxic activity was associated with a single protein with a molecular mass of 230 kDa.
Because of the similarity between the effects of toxin B and cytochalasin B on cellular morphology, particular emphasis was placed on comparing their activities in these studies. We used time lapse video micrography to monitor morphologic changes in toxin B-and cytochalasin B-treated cells. With both agents, arborization was due not to exten- and monomeric. Since stress fibers are composed primarily of filamentous actin, we wished to investigate the effect of toxin B on the ratios of monomeric to filanmentous actin in cells. DNase activity, which is specifically inhibited by monomeric but not filamentous actin, was used to calculate the percentage of total cellular actin in monomeric form in normal, cytochalasin-treated, and toxin-treated cells. There was a marked increase in the monomeric fraction of cells treated with toxin B or cytochalasin B compared with untreated cells.
The similarity between toxin B and cytochalasin B noted above prompted investigations of the effect of toxin B on the formation of actin filaments in vitro. Polymerization of actin in vitro can be detected by measuring increasing viscosity of these solutions. High-shear viscometry under suboptimal salt conditions make the process very sensitive to agents, such as cytochalasin B, Which inhibit addition of monomers to the barbed end of the actin filament (7, 12, 15) . Alternatively, filament assembly at the pointed end can be assessed by high-shear viscometry in the presence of 2 ,uM cytochalasin D (5). Toxin B had no effect on filament assembly at either the barbed or pointed end.
The toxin similarly had no effect on the low-shear viscosity of F-actin as measured by falling-ball viscometry. Although the theoretical basis of this assay is rather complex, it can be used as an extremely sensitive assay to detect (14) .
It appears that the effect of toxin B on the actin cytoskeleton is indirect. Since the cytoskeleton is a dynamic structure modulated by a variety of proteins (13, 19) , it is possible that toxin B exerts its effect through one of these. In this regard, it is intriguing that we have observed that cytoplasmic extracts of toxin B-treated cells have a significantly lower level of modulating activity on actin polymerization or interactions in vitro compared with extracts of untreated cells.
After completion of this study, Pothoulakis et al. (17) reported the isolation of a 50-kDa protein cytotoxin from C. difficile. The protein migrated as a 150-kDa band in nonreducing conditions. By comparison, our toxin preparation migrated as a single band with an apparent molecular mass of 230 kDa in the presence or absence of reducing agents. Because of differences in C. difficile strains used and purification procedures, the exact relationship of the protein described by Pothoulakis et 
